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Recently, there has been a strong thrust towards isolating graphene-like material with interactions between the carriers making possible correlated states at low temperatures. One such material, NbSe 2 [1] , has a well-studied past due to the interesting states arising from the competition with a coexisting charge-density wave [2, 3] and possible multi-band superconductivity [4] [5] [6] . More recently, NbSe 2 has been studied in its two dimensional form, where novel types of superconductivity (Ising) [7] and transition to Bragg glasses have been observed [8, 9] . Here an investigation of the superconducting to normal state transition is detailed, and it is found it is driven by a localized slip in the phase of the superconducting order parameter. These phase slips produce dynamically-created Josephson junctions, which enable the elucidation of two novel properties of the superconducting state in NbSe 2 . The first is a coupling of the Josephson current and the collective motion of the charge-density wave, resulting in a modification of the Shapiro step diagram observed under the application of microwave radiation. The second is a Josephson effect that possesses a modified shape and step height seen in its dependence on the applied RF radiation power. This effect -unlike any known Josephson behavior -exhibits an insensitivity to magnetic fields. We discuss possible origins of the latter effect, suggesting it lies in the multiband nature of superconductivity in NbSe 2 [10] . Each result expands the knowledge of the superconducting state of NbSe 2 , sheds light on the nature of materials in which superconductivity both competes with other collective phenomena and is multiband in nature. Further, this work opens new paradigms for electronics [11, 12] and quantum computation applications [13, 14] in transition metal dichalcogenides.
In this work we fabricate mesoscale devices formed from NbSe 2 thin films, focusing on the transition from the superconducting state to normal state as a function of applied DC current (I DC ) and magnetic field B perpendicular to the surface of the NbSe 2 . In particular, magnetic fields or currents can drive the system out of equilibrium and these effects can alter the behavior of the superconductor, even in simple measurements like the I − V characteristics. For example, shown in Fig. 1a is the measured differential resistance r = dV /dI versus I DC for a NbSe 2 sample with a thickness of ∼12 nm. As is evident, the pattern is much more complex than a simple transition from a superconducting state to a normal one seen in bulk superconductors. This indicates that another mechanism may drive this transition and modify the transport in the normal state. Prominent in the measured r of Fig 1a is a semi-regular series of peaks. Upon application of B, the prominence of these peaks fades at B∼200 mT. The magnitude of this field corresponding to the field at which a regular lattice of flux takes shape [15] , suggesting that flux plays a role in the complex pattern seen in r at B = 0.
Dynamic incorporation of flux via the applied current is known to modify the transport in superconductors. In two-dimensional superconductors where the width of the film is larger than both the coherence length ξ and the penetration depth, flux can play an important role in the transition from a superconductor to a metallic conductor [16] . One type of transition is enabled by an applied current, whereby the superconducting order parameter slips by 2π. In two dimensions this phase slip line (PSL) arises from kinematic chains of vortices which band to- gether to produce a junction between two adjacent superconductors [17] . This forms a Josephson junction with a length of ∼ ξ. The effects of PSLs on DC electrical transport have recently been observed in NbSe 2 [18] .
Here we demonstrate superconducting quantum interference across a PSL that creates a Josephson junction by addressing the junction with RF radiation. Should there be a junction created by a PSL, RF radiation mixed with the internal Josephson frequency should produce steps in the I − V curve (or peaks in r), or Shapiro steps [19] . Fig 2a show r as a function of the I DC and P , the power of the f = 3 GHz RF radiation applied at the top of the cryostat (i.e. it does not include the attenuation incurred from the electrical path to the sample) for a sample of ∼10 nm in thickness. Plots of this type are referred to Shapiro step diagrams in this Letter. A regular pattern of peaks in r are observed. The area under the peaks in r (corresponding to the step height in a I-V curve) have a frequency dependence. As shown in Fig. 2b , the step height of the I − V curve obtained from integration of r produce steps heights of approximately 2 µV /GHz, identifying the peaks as Shapiro steps arising from the junction formed by the kinematic vortices.
Two key features help to explain the deviations from a Shapiro step diagram common to conventional Josephson junctions. The first is that the Josephson coupling only turns on at a finite current associated with the formation of a PSL. The data of Fig. 2a allows for the identification of two PSLs corresponding to the transition from black to purple (at |I DC |=500 µA at P = 0 dBm) and from purple to yellow (at |I DC |=600 µA at the same power). It is only after these slips form that oscillations in r are observed. A broad white feature around |I DC |=800 µA marks the transition to the normal state. One further feature, a dark depression of r, is distinct in the the data of Fig.  2a in that the power dependence follow a different trajectory than the power dependence of the PSLs and the transition to the normal state (this feature is indicated by a white arrow on the positive current side). This feature is not captured in the simulation of the Shapiro diagram using just PSLs.
In the normal state, NbSe 2 undergoes a charge density wave transition at a temperature of 33 K in the bulk and a temperature that is layer-number dependent in thin films [20] . Motion of a sliding CDW is described by an equation that is very similar to Josephson junctions. For a Josephson junction weak-link comprised of a CDW material, coupling between the the Josephson current and the sliding motion of the CDW can affect the I −V curves when the length of the junction (the distance between the two superconducting leads) is of order a coherence length [21] . For NbSe 2 , this coherences length is ∼10 nm [22] , a length scale difficult to achieve by conventional lithographic techniques. However, here the junction length is automatically set to this length scale, making the results of Ref. [21] applicable to our junctions. Simulations derived from the governing equations of a CDW weak link Josephson junction as:
where I C and ϕ are from the conventional Josephson relations, I AC and Ω are the AC drive amplitude and frequency, V T is the threshold voltage for CDW motion, R C is the dissipation the CDW in motion, N is the number of 1D CDW chains, and χ is the phase of the CDW (see the Supplementary Info [23] for more detail). Using the values of R C =20, V T = 0.8, N = 1, I C = R N = 1, = 1, e = 1, Ω = 0.03, simulations show a dip in r between the second phase slip line and the transition to the normal state that has a power dependence distinct from the superconducting features of the diagram. Hence we correlate this dip with CDW existing in the normal region of the Josephson junction. To uncover the origin of this depression, we numerically integrate Eqs. 16a,b of Ref [21] , finding that the origin is the mode-locking between the CDW and the Josephson current (i.e. between ϕ and χ) [23] .
Moving to the study of two thinner samples (Sample I and II) of ∼ 9 nm and 6 nm, respectively, more structure is generated for a device subjected to DC currents and RF radiation. Observed in Fig. 3a for Sample I are two distinct collections of oscillations of r. The first occurring at the transition identified as the formation of a PSL when the device is measured in the absence of RF radiation. This transition is visible in Fig. 3a at a value of |I DC |=30 µA at P=-45dBm, following a power dependence similar to what was observed for the PSL in Fig.  2a . In addition, there are features that below this value of I DC , i.e. before a PSL line can be identified in that absence of RF radiation. We refer to these features which become prevalent under RF radiation as the "inner" features and those associated with the PSL as the "outer" features.
To establish that these peaks in r originate from a Josephson-like relation, the frequency dependence of the peaks are shown in Fig. 3b-e. As the frequency increases, the peaks become more pronounced and the I DC spacing between peaks increases. The pattern is reminiscent of the Bessel function dependence of the Shapiro step width that dictate the pattern observed in conventional Shapiro diagrams [19] This power and frequency dependence of the shape of this pattern is set by a characteristic frequency f c = 2eV C /h = 2eI C R N /h. Hence, it is possible to extract the approximate strength of the superconducting order parameter associated with the Josephson-like phenomena without an explicit value for either I C or R N for the inner features. By matching the frequency dependence of the patterns, we are able to extract an I C R N product of 14µV for Sample I and 44µV for Sample II. For conventional Josephson junctions, this product is a proxy for the strength of the coupling between the superconductors forming the Josephson junction.
The pattern observed is, however, only qualitatively similar to conventional junctions. The most prevalent deviation is the hexagonal shape in the Shapiro steps, most prominently seen in the 4 ( Fig. 3d ) and 4.5 GHz (Fig.  3e ) data. Further, there is also an unconventional power dependence of the peak width, essential in extracting the peak height from measurements of the differential resistance r. Unlike conventional junctions where the peak height is uniform, here we observe regions where the peak height almost disappears, seen most clearly in Fig. 3b,c (indicated by the white arrow). This makes an exact extraction of the peak height difficult. The peak heights do, however, increase with increasing frequency as expected for Josephson junctions. Finally, the transition from the superconducting state at P = 0 proceeds in an unexpected manner, as seen in Sample II. Rather than peeling off from the superconducting to normal state transition, the inner features originate from a point at I DC = 0. For comparison, plots of the Shapiro step diagram for conventional Josephson junctions at low and high values of f c are given in the supplementary information [23] .
Perhaps the most striking distinction between the inner and outer features is their respective dependence on an applied magnetic field. Contrary to the conventional Josephson effect, the inner features demonstrate an insensitivity to an applied magnetic field. By contrast, the outer features exhibit a conventional magnetic diffraction pattern expected for long Josephson junctions. This contrasting behavior in magnetic field is displayed in Fig.  4a ,b for Samples I and II. The plots are taken under RF radiation of 5 GHz (Fig. 4a ) and 7 GHz (Fig. 4b) . The outer features associated with the PSL show a diffraction pattern expected for Josephson junctions (Fig. 4a,b) . The inner features however, display an entirely different behavior. Clear field-independent peaks in r (indicated by black arrows) that correspond to the RF generated peaks are observed over the range of magnetic field of one quantum of flux, measured by the first node in the magnetic diffraction pattern of the outer features. Beyond this field, it is difficult to differentiate the inner and outer features. We now discuss possible origins for this new type of Josephson effect observed. Three possible candidates are identified for the origin of this effect: an additional PSL created by the RF radiation, Shapiro steps originating from the CDW, and an interband phase slip. We rule out the first two possibilities. An additional PSL is indeed possible, however, the magnetic field dependence is absent, unlike the outer features which shows an expected magnetic diffraction pattern. The similarity between the equations governing the CDW and Josephson junction dynamics allows for Shapiro steps to be observed in materials like NbSe 3 [24] . The primary difference is that the dynamical equation for CDW is one for the voltage produced by the sliding mode of the CDW. Hence, although the pattern is also described by a Bessel function dependence on RF power, the differential resistance is locally a maximum in the regions of the Shapiro steps, separated by regions of lower resistance [23] . Hence the pattern in r observed is not matched by the expectations for a CDW. We also note that the AC-dependent voltage step height is of order 10 mV /GHz [24] , roughly three orders of magnitude higher than expected for Josephson junctions and four orders of magnitude greater than the typical peak height is observed in Sample I and II.
Multiband superconductivity allows for an additional degree of freedom to be introduced to the superconducting state.
If the coupling between bands is weak compared to the intraband pairing strength, the Ginzburg-Landau free energy has an added term 2J|∆ 1 ||∆ 2 |cos(φ 1 −φ 2 ), where the superconducting order parameter on each band is |∆ i=1,2 |e iφi=1,2 and J is the strength of the interband coupling. Important in this description is that the interband coupling mimics the Josephson relation. Theoretical expectations are that superconductors like NbSe 2 [12] should be described by this equation, and indirect evidence on this effect in NbSe 2 has been claimed [4] [5] [6] . It has also been observed that the amplitude of the order parameter is layer-number dependent [6] , which may explain why the B-independent Josephson effect is only observed in our thinnest samples.
The ground state is obtained by the minimization which produces a phase φ of either 0 or π depending on the sign of J. However, localized excitations which produce kinks in the phase are possible because of the degenerate minimum provided by the cos(φ) dependence of the interband coupling. Such an excitation -a soliton -is similar to soliton of flux produced in long Josephson junctions [10] . However, the key difference is its response to electromagnetic fields: the application of a magnetic field induces a phase shift that is identical in each band. Hence, such a slip in the phase does not respond to electromagnetic fields [10, 25] . Despite this insensitivity, manifestations on transport have been theoretically predicted in both system in both equilibrium [26] and out of equilibrium [27] ; in equilibrium, experimental investigations of artificial two band superconductors have been performed [28] . We propose that this effect may be the origin of our observed phenomena and insights given by this experiment should help guide future theoretical and experimental developments.
